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(g) Thermal shock-resistant silicon nitride sintered material and process for producing the same. 

{St) There is provided a themial shock-resistant silicon nitride sintered material consisting substantially of 
silicon nitride and rare earth element compounds, which material contains at least 10 pore groups (3) 
per mm2. each pore group consisting of pores (2) of size 10 jim or less and which matenal has a thenma^ 
shock resistance Mc of 1,000 X or more. The themial shock-resistant silicon nitride sintered 
material can be produced by mixing and shaping starting materials consisting of a silicon mtnde 
powders of rare earth element oxides and carbide powder, and then firing the shaped matenal m a 
nitrogen atmosphere to decompose the carbide powders. 
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Background of the Invention and Related Art Statement 

The present invention relates to a silicon nitride sintered material having a high-temperature strength, 
excellent thermal shock resistance and a low Young's modulus, as well as to a process for producing the sin- 
5 tered material. 

With respect to silicon nitride sintered materials containing oxides of Ilia group elements including rare earth 
elennents. for example. Japanese Patent Publication No. 7486/1973 discloses a process for producing a sin- 
tered material, which comprises mixing and shaping 85 mole % or more of silicon nitride (Si3N4) and 15 mole 
% or less of at least one oxide selected from oxides of II la group elements and then sintering the shaped material 

10 in a non-oxidizing atmosphere; and Japanese Patent Publication No. 21091/1 974 discloses a silicon nitride sin- 
tered material consisting of 50% by weight of SI3N4. 50% by weight or less of at least one oxide selected from 
Y2O3 and oxides of La type elements and 0.01-20% by weight of AI2O3. 

However, there have been problems that addition of only rare earth elements to silicon nitride fails to provide 
a sintered material having a high -temperature strength and addition of AI2O3 provides a sintered material which 

15 has a higher density but whose grain boundary phase has a lower melting point and gives a very low high-tem- 
perature strength. 

In order to solve the problem of high-temperature strength, Japanese Patent Application Kokai (Laid-Open) 
No.100067/1 988 discloses a technique for achieving a high-temperature strength by adding rare earth elements 
of given composition and given proportion to a 812^4, powder and sintering the mixture to allow 'the resulting 
20 sintered material to have a specific crystalline phase. 

The silicon nitride sintered material disclosed in Japanese Patent Application Kokai (Laid-Open) No. 
100087/1988 can achieve a high-temperature strength to some extent but has problems that the Young's mod- 
ulus is as large as 300 GPa and the thenmal shock resistance ATc (^C) is as small as 1.000''C. This is because 
the silicon nitride sintered material is homogeneous microscopically, and has a Young's modulus and thermal 
25 expansion coefficient characteristic of silicon nitride and, as a result, the thermal shock resistance ATc (*'C) of 
the silicon nitride sintered material is substantially determined depending upon its strength. The thermal shock 
resistance ATc (°C) of a ceramic can be evaluated by the following formula. 

ATc oc CT/aE 

(a is a flexural strength (Pa), a is a thermal expansion coefficient (1/**C). and E is a Young's modulus (Pa).] 
30 The object of the present invention is to solve the above-mentioned problems and provide a silicon nitride 

sintered material having a high-temperature strength preferably about equal to the room temperature strength 
and excellent thermal shock resistance, as well as a process for producing the sintered material. 

Summary of the Invention 

35 

According to the present invention, there is provided a thermal shock-resistant silicon nitride sintered ma- 
terial consisting substantially of silk:on nitride and rare earth element compounds, which material contains at 
least 10 pore groups per mni2, each pore group consisting of pores of 10 |im or less in diameter and having a 
diameter of 30-100 |im and which material has a thermal shock resistance ATc C'C) of 1 ,000°C or more. 

40 The present invention further provides a process for producing a thermal shock-resistant silicon nitride sin- 

tered material, which process comprises mixing and shaping starting materials consisting of a silicon nitride 
powder, powders of rare earth element oxides and carbWe powders, and then firing the shaped material in a 
nitrogen atmosphere to (a) react the carbide powders with the silicon oxide present in the silicon nitride to con- 
vert the carbide to nitrides or silicides and simultaneously give rise to decomposition gases and (b) thereby 

45 form, in the resulting sintered material, pores of 10 ^m or less in diameter and pore groups each consisting of 
saki pores and having a diameter of 30-100 ^m. 

In the present invention, the sintered material obtained can be subjected to a heat treatment of 1,000- 
1,5(X)''C in an oxygen-containing atmosphere tofonn, on the surface, a surface layer of 5-100 nm in thickness 
consisting of silicates of rare earth elements and silicon oxkJe, whereby a silicon nitride sintered material of 

50 higher strength and higher thermal shock resistance can be obtained. 

Brief Description of the Drawings 

Fig. 1 is a schematic illustration showing the microstructure of the silicon nitride sintered material according 
55 to the present invention. 

Fig. 2 is a micrograph of the silicon nitride sintered material of Example 1 according to the present invention 
after the polished surface has been oxidized. 

Fig. 3 is a micrograph of the silicon nitride sintered material of Comparative Example 1 after the polished 



2 




EP0 457 618 A2 



surface has been oxidized. 

Fig. 4 is a micrograph of the silicon nitride sintered material of Comparative Example 3 after the polished 
surface has been oxidized. 

5 Detailed Description of the Invention 

In the present invention, a silicon nitride powder containing powders of given rare earth element oxides is 
mixed with carbide powders and the resulting mixture is fired in a nitrogen atmosphere, whereby is obtained a 
silicon nitride sintered material which contains at least 10 pore groups per mm^ each consisting of micropores 
10 of 10 |im or less in diameter and having a diameter of 30-100 |im and which accordingly has a unique micro- 
structure. This silicon nitride sintered material has a high-temperature strength about equal to the room ten>- 
perature strength and excellent thermal shock resistance. 

The silicon nitride as a starting material contains oxygen as an impurity, and this oxygen is present in the 
form of SiOj. By utilizing the reaction of this SiOa with carbides in a nitrogen atmosphere, for example, the foi- 
ls lowing reaction, decomposition gases can be generated in the resulting sintered material. 

2SiC + SiOa + 2N2 -> Si3N4 + 2COt (1) 
WC + 2Si02 WSi2 + cot + 3/202t (2) 
In the present invention, by adding carbides to silicon nitride and decomposing the carbide as above at a tem- 
perature close to the sintering temperature, there can be obtained a silicon nitride sintered material having a 
20 unique structure as shown in Fig. 1 , containing at least 10 pore groups per mm^ of sintered material, each con- 
sisting of micropores of 10 jim or less in diameter and having a diameter of 30-100 ^im. In Fig. 1» the numeral 
1 refers to a sintered material; the numeral 2 refers to micropores; and the numeral 3 refers to a pore group. 

Such a silicon nitride sintered material containing groups of micropores causes no deterioration in strength, 
unlike sintered materials containing ordinary pores. The presence of micropore groups is effective for reduction 
25 in Young's modulus, making it possible to obtain a silicon nitride sintered material of high strength and low 
Young's modulus. As is known, the thenmal shock resistance of a ceramic can be evaluated by its ATc (°C), 
and a larger ATc value gives higher thenmal shock resistance. When, for example, a material heated to 1,000°C 
is placed into cool water of 0°C and thereby the material begins to cause cracking, etc. and resultantly reduction 
in strength the ATc ("C) of the material is defined to be 1.000*'C. In general, the ATc of a ceramic is given by 
30 the following formula 

ATc 00 a/aE 

[cr is a flexural strength (Pa), a is a thenmal expansion coefficient (1/°C), and E is a Young's modulus (Pa).], 
and is dependent upon the strength, thermal expansion coefficient and Young's modulus of the ceramic. There- 
fore, when the strength is constant, as the Young's modulus is lower, the ATc is larger and the thermal shock 
35 resistance is higher, providing a more useful material. 

The silicon nitride sintered material of the present invention is just such a material, and has a reduced 
Young's modulus without sacrificing the strength and accordingly has significantly improved thermal shock resi- 
stance. 

In the present invention, the oxygen amount in the silicon nitride used-as a starting material is desirably 
40 1-3% by weight. This oxygen amount can be controlled by oxidizing the silicon nitride, or by adding a Si02 pow- 
der to the silicon nitride. 

The total amount of the rare earth element oxides used also as a starting material is preferably 6-21% by 
weight. When the total amount is less than 6% by weight, it may be impossible to obtain a liquid phase necesary 
for achieving a high density. When the total amount is more than 21 % by weight. It tends to be difficult to achieve 
45 a high density. As the rare earth element oxides other than Y2O3 and YbsOa, there can also be used LU2O3, 
TmzOa. ErjOa. etc. The total amount of the rare earth elements in sintered material is the same as that in starting 
materials. 

The amount of the carbides used also as a starting material is preferably 0.5-10% by weight. An amount 
of less than 0.5% by weight may not be effective to sufficiently form pore groups. An amount of more than 1 0% 

50 by weight hinders the achievement of a high density in some cases. The amount of the carbide is more pref- 
erably 1-5% by weight. The C content in sintered material is 1/2 or less of the C content in starting materials. 
Incidentally, the type of carbide is not restricted by the crystalline phase; and, in the case of SiC, there can be 
used any of a type, p type and amorphous type. 

In the process for producing a silicon nitride sintered material according to the present invention, at first 

55 there is prepared a mixture of a silicon nitride powder, powders of rare earth element oxides and carbide pow- 
ders. The mixture is then made into a desired shape to obtain a shaped material. Thereafter, the sintered ma- 
terial is fired at 1. 700-2, 100°C. preferably 1,900-2,000«C for 3-6 hours in a nitrogen atmosphere of nonmal 
pressure to applied pressure corresponding to the firing temperature to (a) react the carbide powders with the 
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silicon oxide present in the silicon nitride to convert the carbide to nitride or silicide and thereby (b) generate 
the decomposition gases to form pores of 10 nm or less In diameter and simultaneously groups of said pores, 
each having a diameter of 30-100 ^m, whereby a silicon nitride sintered material of the present invention can 
be obtained. 

5 It is possible that the thus obtained silicon nitride sintered material itself or after having been subjected to 

grinding, etc. so as to have a desired shape, be subjected to a heat treatment at 1 .000-1 ,500**C in an oxygen- 
containing atmosphere to form, on the surface, a surface layer of 5-100 \im in thickness consisting of silicates 
of rare earth elements and silicon oxide and thereby obtain a silicon nitride sintered material further improved 
in themnal shock resistance. 

10 The present invention is herainafter described in more detail by way of Examples. However, the present 

invention is in no way restricted to these Examples. 

Examples and Comparative Examples 

15 There were mixed (a) a silicon nitride powder having a purity of 97% by weight, an oxygen content of 2.2% 

by weight, an average particle diameter of 0.6 ^im and a BET specific surface area of 17 /g, (b) powders of 
oxides shown in Tafc>le 1, having a purity of 99.9% by weight and an average particle diameter of 0.3-2.5 nm 
and (c) powders of carbides shown in Table 1. such as SiC. WC. M02C. TiC. NbC. TiC and the like, having a 
purity of 99% by weight and an average particle diameter of 0.4-3 ^m. in proportions shown in Table 1 . 200 g 

20 of the resulting mixture, 1 ,800 g of pebbles made of a silicon nitride ceramic and 300 ml of water were placed 
in a 1.2-f nylon container, and the container was placed in a vibration mill and subjected to vibration of 1,200 
times/min for 3 hours to grind the mixture. Then, water was vaporized and the ground mixture was granulated 
to a partide diameter of 150 ^m to obtain a powder for shaping. Thereafter, the powder was subjected to cold 
isostatic pressing at a pressure of 7 ton/cm^ to prepare a shaped material of 50x40x6 mm, and the shaped 

25 nr^tertal was fired under the firing conditions shown in Table 1 to obtain silicon nitride sintered materials of 
Examples 1-15 of the present invention. The sintered materials of Examples 10-12 were further subjected to 
a heat treatment 

Separately, there were mixed the same silicon nitride powder as above, powders of oxides shown in Table 
2 and a powder of a carbide shown in Table 2, in proportions shown in Table 2; the resulting mbcture was sut>- 

30 jected to the same grinding, granulation and shaping as above; the resulting shaped material was fired under 
the firing conditions shown in Table 2 to obtain sintered materials of Comparative Examples 1-6. 

Each of the above obtained sintered materials was measured for bulk density, crystalline phase of grain 
boundary, 4-point flexural strengths at room temperature. 1 ,000**C and 1 .400*C. Young's modulus at room tem- 
perature and thermal shock resistance ATc (®C). The results are shown in Tables 1 and 2. In Tables 1 and 2, 

35 bulk density of sintered material was measured by the Archimedes' method. This density was expressed in the 
tables as a value relative to theoretical density, wherein the theoretical density was calculated from composition 
of mixed powder and its density. In calculation of density of mixed powder, there were used SiaNv. 3.2 g/cm^, 
Y2O3: 5.0 g/cm3, YbjOa: 9.2 g/cm^, TmaOa: 8.8 g/cm^, LU2O3: 9.4 g/cm^, ErjOa: 8.6 g/cm^. SIC: 3.2 g/cm^, WC: 
15.6 Q/cm\ M02C: 8.9 g/cm^, TiC: 4.9 g/cm^, TaC: 14.7 g/cm^. and NbC: 7.8 g/cm^. 4-Point flexural strength 

40 was measured in accordance with JIS R 1 601 "Test Method for Flexural Strength (Modulus of Rupture) of High 
Performance Ceramics". Crystalline phase of grain boundary was detenmined from the results of X-ray diffrac- 
tk>n by CuK a-rays. In Tables 1 and 2. J is a cuspidine type crystal and gives the same diffraction pattern as 
Si3N4-4Y203 Si02 represented by JCPDS card 32-1451. wherein the crystallographic position of Y can be rep- 
laced by other rare earth element. H is an apatite type crystal and gives the same diffractton pattern as 

45 Si3N4-10Y2O3'9SiO2 represented by JCPDS card 30-1462. wherein the crystallographic position of Y can be 
replaced by other rare earth element. K is a wollastonite type crystal and gives the same diffraction pattern as 
2Y203.Si02 Si3N4 represented by JCPDS card 31-1462, wherein the crystallographic position of Y can be rep- 
laced by other rare earth element. L is a crystal represented by Re2Si05 (Re: rare earth element) and gives 
the san^ drffractksn pattern as any of JCPDS cards 21-1456, 21-1458, 21-1461. 22-992 and 36-1476. S is a 

50 crystal represented by Re2Si07(Re: rare earth element) and gives the same diffraction pattern as any of JCPDS 
cards 20-1416, 21-1457. 21-1459. 21-1460. 22-994 and 22-1103. C is a SiOa (cristobalite) crystal and gives 
diffraction patterns represented by JCPDS cards 11-695 and 27-605. The amount of each crystalline phase 
was detennined from the maximum height of the diffraction pattern. In Tables 1 and 2, ">" (inequality sign) refers 
to Harger* or "smaller* in amount of crystalline phase, and refers to "about equal" in amount of crystalline 

55 phase. 

Young's modulus (room temperature) was measured by a pulse echo overiap method using a columnar 
sample of 1 0 mnr>+ x 20 mm (length). Thenmal shock resistance ATc (°C) was measured by an in-water quench- 
ing method wherein a test piece heated to a given temperature was placed into water to quench it and the reduc- 



4 



EP 0 457 618 A2 



tion in room temperature strength of the test piece was examined- 

Average pore diameter and pore group diameter were measured by subjecting a sintered material to pol- 
ishing to allow the material to have a mirror surface and subjecting the minror surface to image analysis using 
an optical microscope. Pore group density was determined by subjecting a sintered material to the same pol- 
ishing, subjecting the resulting material to an oxidation treatment in air» and then measuring the number of pore 
groups per unit area. The oxidation tratment enables easy measurement of number of pore groups. The size 
of each pore group looks larger than the actual diameter of pore group. 

Fig. 2 is an photomicrograph of the silicon nitride sintered material of Example 1 of the present invention 
after the polished surface has been oxidized. In the photo micro-graph, white spots are groups of pores. 

Meanwhile, Fig. 3 is an photomicrograph of the silicon nitride sintered material of Comparative Example 1 
after the polished surface has been oxidized, wherein no white spot having a diameter of 30 \xm or more is 
seen. 

Fig. 4 is an photomicrograph of the silicon nitride sintered material of Comparative Example 3 after the 
polished surface has been oxidized, wherein pore groups of abnormally large size are seen. 
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As is seen from Tables 1 and 2, the sintered materials of Examples 1-15 of the present invention using 
rare earth element oxides as a sintering aid and carbides, have a high relative density of 95% or more, a low 
Young's modulus of 270 GPa or less and a high thennal shock resistance ATc (°C) of 1 ,000°C or more. Mean- 
while, the sintered materials of Comparative Examples 1 and 2 using a carbide in an amount of less than 0.5% 

5 by weight, have pore groups of less than 30 ^m in diameter and accordingly have a high Young's modulus of 
300 GPa and a low thermal shock resistance ATc (''C) of less than 1 ,000°C although they have about the same 
strength as the sintered materials of the present invention. 

The sintered material of Comparative Example 5 having an average pore diameter of more than 10 jini 
and the sintered material of Comparative Example 3 having pore groups of more than 100 ^im in diameter, have 

10 a low strength and accordingly a low thermal shock resistance ATc {°C) although they have a low Young's mod- 
ulus. 

Further, as appreciated from Examples 10-12, when the sintered material of the present invention is heat- 
treated at 1. 000-1 .500**C in air, a surface layer consisting of silicates of rare earth elements and silicon oxide 
is fonrned on the surface of the sintered material, and such a sintered material has a higher strength and higher 
15 thermal shock resistance. 

As Figs. 1 and 2 illustrate, each pore group 3 is separated from another pore group 3 by a substantially 
non-porous region. The width of this region is preferably at least ^ the pore group diameter e.g. at least equal 
to the pore group diameter. 

20 

Claims 

1. A thenmal shock-resistant silicon nitride sintered material consisting essentially of silicon nitride and rare 
earth element compounds, which material contains at least 10 pore groups per mm^, each pore group con- 

25 sisting of pores of 10 jim or less in diameter and having a diameter of 30-100 ^m and which material has 

a thenmat shock resistance ATc (*'C) of 1.000 ^C or more. 

2. A thermal shock-resistant silicon nitride sintered material according to Claim 1 . which has a surface layer 
of 5-100 nm in thickness consisting of silicates of rare earth elements and silicon oxide. 

30 

3. A process for producing a thenmal shock-resistant silicon nitride sintered material, which process comprises 
mixing and shaping starting materials consisting of a silicon nitride powder, rare earth oxide powders and 
carbide powdes to obtain a shaped material and then firing the shaped material in a nitrogen atmosphere 
to decompose the carbide powders to fonm in the resulting sintered material pores of 1 0 ^m or less in diame- 

35 ter and pore groups each consisting of said pores and having a diameter of 30-100 urn. 

4. A process according to Claim 3. which comprises subjecting the sintered material obtained to a heat treat- 
' ment at 1 .000-1 .500*C in an oxygen-containing atmosphere to obtain a thenmal shock-resistant silicon nit- 
ride sintered material having a surface layer of 5-100 ^m in thickness consisting of silicates of rare earth 

40 elements and silicon oxide. 
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@ There is provided a thermal shock-resistant 
silicon nitride sintered nnaterial consisting sub- 
stantially of silicon nitride and rare earth ele- 
ment compounds, which material contains at 
least 10 pore groups (3) per mm^, each pore 
group consisting of pores (2) of size 10 i^m or 
less and which material has a thermal shock 
resistance ATc (*C) of 1,000 °C or more. The 
thermal shock-resistant silicon nitride sintered 
material can be produced by mixing and shap- 
ing starting materials consisting of a silicon 
nitride powders of rare earth element oxides 
and carbide powder, and then firing the shaped 
material in a nitrogen atmosphere to decom- 
pose the carbide powders. 
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